I. INTRODUCTION
PYROMETALLURGICAL process continues to be the principal technology in copper production which include smelting, converting, and refining. [1] The objective of the smelting is to partially oxidize sulfur and iron from the Cu-Fe-S concentrate to produce a Cu-enrich molten sulfide phase (matte). Simultaneously, the gangue components in the concentrate form the molten slag by reacting with added flux (SiO 2 ). Slag properties play critical roles in the copper production, which closely related to metal recovery, slag tapping, and refractory corrosions under operating conditions. [2] Currently, approximately, 50 pct copper concentrate smelting is carried out by bath smelting furnaces that include top-blown (Ausmelt and Isasmelt), side-blown (Noranda and Teniente), and recently developed bottom-blown technologies. [3] The first commercial bottom-blown oxygen copper smelting furnace (BBF) at Dongying Fangyuan Nonferrous Metals Co., Ltd has shown excellent performance and drawn significant interest. [3] [4] [5] However, as a new copper smelting technology, the knowledge of thermodynamics and physic-chemistry in this smelting process is limited, and current research is part of the comprehensive research program to narrow the knowledge gap. A detailed analyses [3] on BBF slag compositions showed that in addition to the major components ''FeO'' (both Fe 2+ and Fe 3+ ), and SiO 2 , significant amount of ZnO is also present, and spinel is the primary phase present under the BBF smelting condition in which the oxygen partial pressure (Po 2 ) was estimated to be 10 À8 atm. Phase equilibria of ZnO-SiO 2 system have been well determined by a number of studies. [6, 7] The first study on this system was reported by Bunting [7] which did not consider the loss of zinc at high temperatures. A reinvestigation on this system was conducted by Hansson et al. [6] using equilibration and quenching followed by EPMA analysis approach. Sub-solidus studies on the Fe-Zn-O system were systematically conducted by Hansson et al. [8] [9] [10] under air and intermediate Po 2 , while the experiments under metallic iron saturation on the same system were conducted at 1100 K (827°C) by Itoh et al. [11] using EMF method. Phase equilibria studies on Fe-Zn-O system were also carried out by Itoh and Azakami [12, 13] at 1100 K and 1200 K (827°C and 927°C) in closed quartz capsule where the oxygen partial pressure was determined to be in a wide range 10 À3 to 10 À20 atm. As a base of the copper smelting slags, the pseudo-binary ''FeO''-SiO 2 system has been extensively studied under different conditions including metallic iron saturation, [14] air atmosphere, [15, 16] and the intermediate Po 2 . [16] [17] [18] Significant differences on the liquidus temperatures and primary phase fields were observed under various equilibration conditions.
Previous studies in Fe-O-ZnO-SiO 2 system have been focused in air [19] and at metallic iron saturation. [19] [20] [21] [22] No information was found in this system relevant to the copper smelting conditions around Po 2 10 À8 atm. In order to evaluate the effect of the ZnO content on phase equilibria of the copper smelting slags, present study is focused on the phase equilibria of ZnO-''FeO''-SiO 2 system at Po 2 10 À8 atm.
II. EXPERIMENTAL METHODOLOGY
Experimental techniques used in present research are similar to that described in previous papers. [23, 24] Briefly, the sample was directly quenched into ice water after the equilibration at controlled temperatures and Po 2 10 À8 atm, followed by EPMA analysis to determine the phase assemblages and composition of each phase present. However, in the present study, the oxygen partial pressure of the slag was controlled by the CO-CO 2 gas mixture, and the bulk composition of the slag could be changed during the equilibration due to the vaporization of zinc. As a first study in the system ZnO-''FeO''-SiO 2 system at Po 2 10 À8 atm, the research technique has been further developed.
A. Sample and Substrate Preparation
The oxygen partial pressure of the slag was controlled by the CO-CO 2 gas mixture, and the reactions between liquid slag and gas are relatively slow. Long reaction time at given temperature is required to achieve equilibrium. On the other hand, zinc oxide in the slag could be reduced, and zinc metal will vaporize from the slag. To ensure the final equilibrium can be achieved in the controlled time and to reduce the vaporization of zinc, master slags have been prepared in the conditions close to the temperature and oxygen partial pressure required for the final equilibration.
Approximately, 0.1 g pelletized mixture was used in each experiment. The mixtures were prepared by mixing the desired amounts of iron silicate master slag and zinc silicate master slag with additional ''FeO,'' ZnO, or SiO 2 . The ''FeO'' was prepared from iron foil at the same temperature and oxygen partial pressure required for the final equilibration.
Two master slags, as shown in Table I , were prepared from high-purity ZnO, SiO 2 , Fe 2 O 3 , and Fe (Table II) . It can be seen from Figure 1 , excess ZnO was always added in the starting mixture to compensate the loss of ZnO during the equilibration. All the iron oxides used in the present study were pre-conditioned according to the target equilibrium conditions to ensure the equilibrium to be attained. The compositions of the phases were measured by EPMA after the equilibration so that the changes in bulk composition during high-temperature equilibration do not affect the phase diagrams to be constructed.
In order to increase the reaction rate between slag and gas and the cooling rate after the equilibration, the substrates made from quartz (SiO 2 ) [23] and spinel (Fe 3 O 4 ) [25] were used to hold the mixtures for the experiments targeted in the SiO 2 and spinel primary phases, respectively. Pt baskets were used as a container to determine the liquidus in willemite primary phase field. It should be noted that the small amount of iron may be dissolved into Pt wire, and the bulk composition of the slag could change. [26, 27] B. Equilibration Equilibration experiments were carried out in a vertical reaction tube furnace. A working thermocouple protected by a recrystallized alumina sheath was placed inside the reaction tube to monitor the actual temperature of the sample. The working thermocouple was periodically calibrated against a standard thermocouple (supplied by the National Measurement Institute of Australia, NSW, Australia). The overall absolute temperature uncertainty was estimated to be ±3 K (±3°C).
Mixtures of CO-CO 2 gases at different CO/CO 2 ratios were used to obtain the required oxygen partial pressure 10 À8 atm. The oxygen partial pressures at different temperatures were confirmed by the yttria-stabilized zirconia solid electrolyte cell oxygen probe (SIRO 2 , DS-type oxygen probe; Australian Oxytrol Systems, Victoria, Australia). The results of the measurements were within the accuracy of the DS-type oxygen probe, i.e., ±0.1 log (Po 2 ) unit, [28] details as shown in Table III . The sample was introduced from the bottom of the reaction tube and held at the cold zone with flush of gas mixture for 15 to 30 minutes to remove the air. The sample was then raised and kept in the hot zone of the reaction tube for required period.
After the equilibration, the bottom of the reaction tube was immersed in ice water and the lid was removed. Then, the sample was dropped directly into the water by pulling up the iron wire which suspended the sample. The quenched sample was dried on a hot plate, mounted in epoxy resin, and polished for metallographic examinations.
C. Sample Analysis
The polished samples were first examined with optical microscopy to observe the phases present and then coated with carbon using QT150TES (Quorum Technologies) Carbon Coater for electron microscopic analyses. A JXA 8200 electron probe X-ray microanalyzer (EPMA) with wavelength dispersive detectors was used for microstructure and composition analyses. The analyses were conducted with an accelerating voltage of 15 kV and a probe current of 15 nA. The standards used for analysis were from Charles M. Taylor Co. (Stanford, CA): Fe 2 O 3 for Fe and CaSiO 3 for Si; and from Micro-Analysis Consultants Ltd. (Cambridge, UK): ZnO for Zn. The ZAF correction procedure supplied with the EPMA was applied. The overall accuracy of EPMA measurements is determined by precision and accuracy. Precision refers to the reproducibility of the measurements-and thus the ability to be able to compare compositions, whether within a sample, or between samples, or between analytical sessions. It is a relative description. Accuracy refers the ''truth'' of the analysis, and is directly tied to the standards used and the matrix correction applied to the raw data, as well equipment conditions and parameter. It is an absolute description. The overall accuracy of EPMA quantitative error analysis is a combination of both. In the present study, the liquid phase was relatively hard to be quenched to a homogenous glass, and 10 to 20 points were usually measured from different areas for liquid. The composition of the solid phase was more stable during cooling and 3 to 5 points were usually measured. The compositions of the phases were the average of 10 to 20 measurements for liquid and 3 to 5 measurements for solid. The precision for each phase composition is stated by the standard deviation which is usually below 1 pct.
The accuracy of the EPMA measurements is determined by comparing the measured concentration of each element with the given value for the standards. The difference is always controlled below 1 pct. The overall accuracy of the EPMA measurements including both precision and accuracy is within 1 wt pct. Both Fe 2+ and Fe 3+ are present in the quenched samples; however, only metal cation concentrations can be measured by EPMA. All iron was recalculated to FeO for presentation purpose only.
III. RESULTS AND DISCUSSIONS

A. Experimental Results in ''FeO''-SiO 2 System
The experiments were first carried out for the base system ''FeO''-SiO 2 at Po 2 = 10 À8 atm in temperature range between 1473 K and 1573 K (1200°C and 1300°C). It was found that wu¨stite, spinel, and tridymite are the primary phases in the composition range investigated. The typical microstructures of the quenched samples are shown in Figure 2 , where the equilibrium of liquid phase with one or two solid phases is shown in Figures 2(a) through (d) , respectively. The normalized compositions of the phases measured by EPMA are shown in Table IV . It can be seen that the solubilities of SiO 2 in the wu¨stite and spinel are less than 1 wt pct. The maximum solubility of ''FeO'' in the tridymite was determined to be 1.0 wt pct. The phase diagram of ''FeO''-SiO 2 system constructed from the experimental data is shown in Figure 3 . The peritectic point between wu¨stite and spinel primary phase fields was determined to be 1549 K ± 10 K (1276°C ± 10°C) at 17.8 wt pct SiO 2 . The eutectic point between spinel and tridymite primary phase fields was determined to be 1473 K ± 3 K (1200°C ± 3°C) at 34.3 wt pct SiO 2 in the present study.
The comparisons between the present results and previous studies [16, 17] and FactSage 6.2 [29] calculations at Po 2 10 À8 atm are also shown in Figure 3 . It can be seen that the present results are in good agreement with the results from Hidayat [17] and are significantly different from Muan's results [16] and FactSage predictions in wu¨stite and spinel primary phase fields.
''FeO''-SiO 2 is a base system for copper smelting slag, and phase diagram of this system measured at metallic iron saturation [21] has been used for long time to characterize the copper smelting slags. A comparison of present study with that under metallic iron saturation is shown in Figure 4 . It can be seen that the fayalite (Fe 2 SiO 4 ) primary À8 atm are generally higher than those at metallic iron saturation. [21] Up to 70 K, difference in liquidus temperature is observed for these two different conditions. The comparison indicates that primary phase fields and liquidus temperatures of the ''FeO''-SiO 2 system can be significantly influenced by oxygen partial pressure. The phase diagram measured previously at iron saturation cannot be used to accurately predict the liquidus temperatures of copper smelting slags.
B. Experimental Results in ZnO-''FeO''-SiO 2 System
The liquidus temperatures in ZnO-SiO 2 binary system have been determined in air by different authors. [6, 7] The eutectic points between tridymite and willemite primary phase fields, and between willemite and zincite primary phase fields were reported [6] to be 1721 K ± 5 K (1448°C ± 5°C) at 59 wt pct ZnO and 1775 K ± 5 K (1502°C ± 5°C) at 76.8 wt pct ZnO, respectively. No experimental data were reported in ZnO-''FeO'' system at Po 2 = 10 À8 atm. The invariant point between wu¨stite and zinc primary phase fields used in construction of the phase diagram was taken from FactSage 6.2 prediction. [29] In the present study, the liquidus temperatures in the ZnO-''FeO''-SiO 2 system have been experimentally determined at Po 2 10 À8 atm between 1473 K and 1573 K (1200°C and 1300°C) ( Table V) . The primary phase fields in this system include tridymite, spinel, wu¨stite, and willemite. The typical microstructures of the quenched samples are shown in Figure 5 . Figure 5 (a) shows equilibrium of liquid with spinel at 1573 K (1300°C). In Figure 5 (b), the liquid was in equilibrium with tridymite at 1543 K (1270°C). Figure 5 (c) shows the liquid was in equilibrium with willemite at 1573 K (1300°C). In Figure 5 (d), the liquid was in equilibrium with both spinel and tridymite at 1543 K (1270°C). Figure 5 (e) shows that the liquid was in equilibrium with spinel and willemite at 1543 K (1270°C), and Figure 5 (f) shows that the liquid was in equilibrium with both tridymite and willemite at 1543 K (1270°C).
The phase diagram of ZnO-''FeO''-SiO 2 system at Po 2 
10
À8 atm constructed based on the experimental data is shown in Figure 6 . The thick solid lines represent experimentally determined boundaries between primary phase fields, while the thick dash lines are hypothetical boundaries. The thin solid lines are experimentally determined isotherms. It should be noted that the spinel [(Fe Comparisons of 1523 K (1250°C) isotherms between the present study and FactSage 6.2 [29] predictions at Po 2 
À8 atm are shown in Figure 7 . The experimentally [16, 17] and FactSage 6.2 [29] predictions on ''FeO''-SiO 2 system at Po 2 10 À8 atm. Fig. 4 -Comparisons between the present study at Po 2 10 À8 atm and the results at metallic iron saturation [21] on the system ''FeO''-SiO 2 . determined 1523 K (1250°C) isotherms at iron saturation [21] are also shown in the figure for comparison. The fully liquid area formed by the isotherms in different primary phase fields represents the operating range of the slag compositions at given temperature. It can be seen from the figure that the fully liquid area at 1523 K (1250°C) determined in the present study is much smaller than that predicted by FactSage 6.2 [29] which is almost same as the liquid region under metallic iron saturation. [21] Clearly the experimental results obtained in equilibrium with metallic iron cannot accurately predict the liquidus temperatures of ZnO-containing copper smelting slags. The database of FactSage 6.2 needs to be improved to accurately characterize the ZnO-containing copper smelting slags.
Different types of pseudo-binary phase diagrams are easy to be used by operators. Figure 8 presents a pseudo-binary diagram (''FeO'' + SiO 2 ) À ZnO at fixed Fe/SiO 2 = 2 (mass) at Po 2 10 À8 atm. Effect of ZnO on primary phases and liquidus temperatures is demonstrated in this figure. The predictions from FactSage 6.2 [29] at Po 2 10 À8 atm and that at metallic iron saturation [21] are also given in the figure for comparisons. It can be seen that spinel is the only primary phase with up to 30 wt pct ZnO as determined by the present study. The liquidus temperatures increase continuously with increasing ZnO. For instance, the liquidus temperature in the spinel phase field is increased by 35 K when ZnO content in liquid increases from 0 to 10 wt pct. At the same Po 2 10 À8 atm, the liquidus temperatures predicted by FactSage 6.2 [29] are much lower and willemite phase also appears at 25 wt pct ZnO. The experimentally determined phase diagram at metallic iron saturation [21] shows different primary phases and much lower liquidus temperatures.
To investigate the effect of fluxing condition represented by Fe/SiO 2 ratio, on the liquidus temperature in the ZnO-''FeO''-SiO 2 system, pseudo-binary phase diagram ''FeO''-SiO 2 is constructed at fixed 5 wt pct ZnO as shown in Figure 9 . The phase diagram of ZnO-free system at Po 2 10 À8 atm and that at metallic iron saturation [21] are also given in the figure for comparisons. It can be seen from Figure 9 that the presence of 5 wt pct ZnO in the slag does not change the primary phase fields. The liquidus temperatures of the slag with 5 wt pct ZnO are generally higher in wu¨stite and spinel primary phase fields and lower in SiO 2 primary phase field than those of ZnO-free slag.
One of the advantages using EPMA technique is that the compositions of the solid phases can be measured simultaneously with the corresponding liquid phase. The partitioning of ZnO between liquid and solid is important to understand the thermodynamics of ZnO-containing slags. The partitioning of ZnO between spinel and liquid phases has been reported previously in the system ZnO-''FeO''-Al 2 O 3 -CaO-SiO 2 at metallic iron saturation. [24, [30] [31] [32] [33] [34] The comparisons on the partitioning of ZnO between spinel and liquid at iron saturation, FactSage 6.2 [29] predictions, and present study at Po 2 
À8 atm are shown in Figure 10 . A linear relationship was found between ZnO in spinel phase and in liquid phase from present study and FactSage 6.2 [29] predictions at Po 2 = 10 À8 atm. The ZnO concentration in the spinel phase is approximately half of that in the liquid phase. The solubility of ZnO in the spinel determined in the present study is higher than that predicted from FactSage 6.2 [29] which explains the reason for their difference on the liquidus temperatures.
The ZnO concentration in the spinel phase is much higher than that in liquid phase under metallic iron saturation as illustrated by the circles in Figure 10 , which can be caused by Po 2 and/or slag compositions. In the present study (system ZnO-''FeO''-SiO 2 ), the spinel phase is a solid solution of ZnFe 2 O 4 and Fe 3 O 4 . In the ZnO-''FeO''-Al 2 O 3 -CaO-SiO 2 system, the spinel [24, [30] [31] [32] [33] [34] Effect of Po 2 on partitioning of Zn to spinel will be evaluated when the data in the system ZnO-''FeO''-Al 2 O 3 -SiO 2 at Po 2 10 À8 atm are available.
IV. CONCLUSIONS
Phase equilibrium studies have been conducted at oxygen partial pressure 10
À8 atm relevant to copper smelting conditions in the temperature range from 1473 K to 1573 K (1200°C to 1300°C). The liquidus temperatures and primary phase fields in the ''FeO''-SiO 2 and ZnO-''FeO''-SiO 2 systems have been experimentally determined. The liquidus temperatures obtained from the present study in spinel primary phase field are higher than that predictions by FactSage 6.2 and that measured at metallic iron saturation. The liquidus temperatures in spinel primary phase field increase with increasing ZnO concentration in slag. ZnO partitioning between spinel phase and liquid phase has been compared at Po 2 = 10 À8 atm and metallic iron saturation. The findings in the present study fill the knowledge gap of Zn-containing system relevant to copper smelting slags, and have direct implications to the industrial operations. Fig. 7 -Comparison of 1523 K (1250°C) isotherms between the present study and FactSage 6.2 [29] predictions on ZnO-''FeO''-SiO 2 system at Po 2 10 À8 atm and metallic iron saturation. [21] Fig. 8-Comparisons of pseudo-binary (''FeO''+SiO 2 )-ZnO at fixed Fe/SiO 2 = 2 (mass) between present results and FactSage predictions [29] at Po 2 10 À8 atm, and also that at iron saturation. [21] Fig. 9-Pseudo-binaries ''FeO''-SiO 2 at fixed 0 and 5 wt pct ZnO at Po 2 at 10 À8 atm and iron saturation. [21] Fig. 10-Comparison of partitioning effect of ZnO between liquid phase and spinel phase, from current experiments, Factsage prediction, [29] and results under metallic iron saturation. [24, [30] [31] [32] [33] [34] 
